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Abstract
Evaluation of Ultrasonic Velocity Tests to Characterize Extraterrestrial
Rock Masses
Thomas Wesley Edge II
NASA and other private companies are currently developing mission concepts to
explore and extract resources from various extraterrestrial resources, including aster-
oids, lunar ice, and Martian regolith. Unfortunately, information on the geotechnical
and mechanical properties of these potential resources is extremely sparse and often
based on limited test data from surrogate samples (e.g. meteorites). Since Earth-
based observational measurements alone cannot quantify these critical geotechnical
properties, target specimens must be tested in-situ using non-destructive techniques.
This data will mitigate risks caused by uncertainty in material properties. While
numerous nondestructive rock characterization techniques are common for terrestrial
applications, these methods must be adapted to account for physical properties and
environmental conditions of space.
This thesis investigates the use of ultrasonic pulse velocity (UPV) tests for ex-
traterrestrial rock characterization by evaluating the eects of physical sample prop-
erties on the signal attenuation of ultrasonic waves. An initial review of standard
laboratory UPV testing methods and expected space conditions isolated four key dis-
parities between the two testing environments: (1) sample dimensions, (2) regolith
cover, (3) sample surface roughness, and (4) utility of a gel couplant. Laboratory
tests were then performed to assess the inuence of these parameters in simulated
space conditions, using concrete beams to simulate large sample sizes, and ground
limestone to simulate regolith cover. The ensuing data analysis identied strategies
to ensure adequate signal transmission and data interpretation.
Overall, the experimental results show that the signal attenuation curves can be
constructed and simple regression curves can provide estimations of the true P-
wave velocity even without a gel couplant. For the case of large sample sizes, simple
exponential regression of the measured P-wave velocity at various transmission lengths
can be extrapolated to zero length to estimate the true value. For the case of regolith
cover, the particle top size and particle size distribution aect signal attenuation;
however, an exponential t to measured velocity versus depth data can be used to
accurately predict true sample velocity at zero depth. Additionally, testing with rough
samples showed that compacted regolith can be used to ensure contact between the
sample and the UPV transmitter, and this method produced similar attenuation
curves to those determined from smooth samples. Altogether, these data indicate the
reliability of UPV to characterize material in-situ; however, without a gel couplant,
UPV measurements become increasingly imprecise.
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Over the next 20 years, missions to extraterrestrial bodies are increasing in im-
portance for governments and private institutions to take place. These mission desti-
nations include Near-Earth Asteroids (NEAs), the Moon, Mars, and other planetary
bodies. The data collected from these missions will assist in planning long-term
crewed missions to extraterrestrial bodies. One current initiative is the Asteroid
Redirect Mission (ARM). This mission will attempt to intercept a large asteroid with
an unmanned vehicle and return a boulder from its surface to a retrograde lunar orbit.
A manned expedition will examine the boulder and return with samples to the Earth.
Other long-term crewed missions to the Moon and Mars will depend on In-Situ Re-
source Utilization (ISRU) technologies that can extract and process resources found
on these bodies to provide the goods and services for a crew. The success of ARM and
ISRU will depend on direct measurements of the mechanical properties of the bodies;
however, remote sensing is the primary means of determining these properties.
Terrestrially, extensive exploration and prospecting of possible mine sites is re-
quired before any mining takes place. Identifying and characterizing the ore body
is necessary to to continue past these phases, which means that direct rock testing
techniques already exist. These conventional rock testing techniques and the associ-
ated equipment can be adapted to operate within the environmental conditions on
extraterrestrial bodies to determine the mechanical properties of rock masses. Over
next three sections, further explanation of the ARM and ISRU eorts as well as the
need for direct testing techniques will be provided.
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1.1.1 Asteroid Redirect Mission Overview
The ARM will attempt to capture a boulder o of a larger asteroid and trans-
port the boulder to distant retrograde orbit around the Moon. The three segments
of this mission are: Identication, the Asteroid Robotic Redirect Mission (ARRM)
and the Asteroid Crewed Redirect Mission (ARCM). The identication segment will
identify and characterize candidate Near-Earth Asteroids (NEAs) using telescopes,
radar facilities, and space-based assets such as NASA's Spitzer Infrared Space Tele-
scope and Near-Earth Object Wide-eld Infrared Survey Explorer (NEOWISE) Space
Telescope. These are the same assets that are being used to help catalog NEAs and
identify those that can potentially impact the Earth (Mazanek et al., 2015).
The second segment, named the Asteroid Redirect Robotic Mission (ARRM), will
robotically capture a boulder 2 - 4 meters in diameter from a large NEA. The current
design of the Asteroid Redirect Vehicle (ARV) allows the collection of a boulder with
a mass up to 70 metric tons. Large NEAs with Earth-like orbits are preferred for this
mission because they are less dicult to identify and characterize than smaller NEAs
and they have a greater likelihood of having a boulder candidate that has favorable
parameters for return transit to lunar orbit; however larger NEAs are are less plentiful
than smaller NEAs (Mazanek et al., 2015). An example of the ARV design can be
seen in Figure 1.1.
Figure 1.1: Artist's Interpretation of Asteroid Redirect Vehicle (NASA, 2016)
The nal segment of the ARM, named the Asteroid Redirect Crewed Mission
(ARCM), will send a team of astronauts aboard NASA's Orion spacecraft and the
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Space Launch System (SLS) to rendezvous with the returned boulder and conduct Ex-
travehicular Activities (EVAs) to collect and return the samples to Earth for analysis.
Both the ARRM and ARCM are planned for the mid-2020s.
Obtaining in-situ samples are critical to technology development because these
sample have not undergone signicant chemical and physical changes like a meteorite
has when it passes through the Earth's atmosphere. These samples will allow further
developments in resource extraction technology, which provides incentives for gov-
ernment and private enterprises. The mission also has objectives of demonstrating
planetary defense since the spacecraft will be able to redirect an extraterrestrial body
onto a new course (Mazanek et al., 2015).
During the second mission segment, the mechanical properties and internal struc-
ture of the boulder candidates will determine which one will be selected for return
to lunar orbit. The candidate has to have a stable and cohesive structure in order to
survive the return ight. To determine these properties, the ARV has to have a suite
of geotechnical characterization tools. Ideally, these tools must be lightweight and
small in order to save space and mass for other mission critical items. Space on board
the vehicle reserved for rock characterization has to contain robust tools with vali-
dated procedures that are able to gather precise information for comparisons between
candidates. These rock characterization technologies have to be developed indepen-
dently or converted from conventional techniques already in use with the latter being
remarkably easier to test and evaluate rst.
1.1.2 Lunar and Martian ISRU Overview
In-Situ Resource Utilization is the creation of goods and services from processed
resources on an extraterrestrial body. The products from these processes are sup-
posed to alleviate the payload on missions to extraterrestrial bodies since they can
be created from the material on site. The available space can be allocated towards
mission critical items on board the spacecraft since the consumables can be made in-
situ. Current ISRU technologies focus on the collection of water, which can be used
for the creation of fuel propellant or for life support, both of which are critical for
long-term crewed missions to the Moon and Mars. Other valuable resources include
metal-oxide minerals such as ilmenite or hematite for manufacturing or volatiles and
organic compounds for additional life-support measures (Anand et al., 2012). Al-
though determining chemical composition is necessary to nding valuable minerals or
substances, these tests cannot provide information on physical and mechanical prop-
erties like density, porosity, cohesion, and strength, which are critical for extraction
and processing. Currently, no equipment is available that can precisely characterize
mechanical properties in-situ. The importance of testing rock masses in-situ is to
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characterize material under their natural environmental and physical conditions in-
stead of the conditions within a laboratory. Testing in-situ will also provide data in
real-time instead of waiting for results after testing in a lab.
1.1.3 Introduction to Non-Destructive Testing
Recent missions to NEA's and NASA's Martian rovers have shown the need for
further characterization eorts. Non-Destructive Tests (NDTs) can be converted to
support the extraterrestrial rock characterization eorts. Although NDTs are used
conventionally for testing steel, concrete, and rock quality, the conditions encountered
on extraterrestrial bodies are signicantly dierent from those on Earth. These testing
conditions are also compounded by the fact that terrestrial uses of NDTs are dictated
by correlations from NDT responses to mechanical rock properties specic to an
individual rock mass, e.g. one correlation between an NDT response to a mechanical
property will not apply to two rock masses even if they are the same rock type. The
general relationships that exist between NDT responses and mechanical properties are
still able to classify material into broad categories (e.g. weak, average, strong, etc.).
Ultimately, investigations into how material and environmental properties inuence
NDT responses will allow for the modifcation of these tools to be suited specically
for use on materials within a space environment.
Despite numerous NDTs, the focus of this body of research was limited to one
technique: ultrasonic pulse velocity (UPV). UPV uses ultrasonic waves to characterize
the elastic properties of a specimen as well as its internal structure. The velocity an
ultrasonic wave travels at is dictated by a material's mechanical properties; however,
testing with UPV is typically conducted with ideal samples and within a laboratory.
These conditions are not present when testing in-situ, so in order to apply UPV
for extraterrestrial rock characterization, its applicability for in-situ testing must be
assessed.
1.2 Objectives
Given the opportunity previously mentioned, a research project was initiated to
test the application of UPV as part of the suite of rock characterization techniques
on-board several spacecraft and rovers.
The objectives for this body of research are to:
 Identify and assess the impacts of in-situ physical sample properties that may
aect UPV signal attenuation.
 Develop procedures for mitigating the eects of the most inuential properties.
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 Assess the ability of UPV to characterize changes in ice content.
The identication of physical rock properties was conducted through investigation of
standard testing protocols and literature review. Then, a rigorous testing regiment
assessed the eects on ultrasonic waves by these properties. Finally, an analysis of
the results used to develop procedures to overcome the inuence of these properties
and provide a method to estimate the true wave velocity of the material.
Given UPV's ability to monitor changes in mechanical properties, a secondary
objective is assessing the feasibility of using UPV to measure changes in ice con-
tent. Ice is a valuable material for ISRU eorts and identifying its location and its
concentration will help create long-term missions to extraterrestrial bodies.
Previous works from the same research group have evaluated the inuence of sub-
zero temperatures on UPV responses and robotic implementation of UPV (Savage,
2016; Goodman, 2016). Savage (2016) evaluated the eects of the extreme freezing
temperatures on UPV responses and elastic moduli across three rock types. Goodman
(2016) analyzed eects from transducer force, transducer alignment, transducer type,
transducer angular oset, and specimen length on ultrasonic velocity in order to
develop procedures for robotic implementation of UPV. The research within this
research dierentiates itself from past work by restricting itself to evaluating the
inuence of physical sample properties on UPV responses.
1.3 Organization
This thesis is organized into ve chapters. Chapter 1 includes a description of
background information and the motivation for this project. The information provides
an overview of previous and planned missions of extraterrestrial bodies as well as the
proposed objectives to be completed in this thesis.
Chapter 2 is a literature review, which is comprised of asteroid classication and
characterization as well as the mineralogical and geotechnical characteristics of the
surfaces of the Moon and Mars. This is followed by an explanation of the need for
NDT's and an overview of Ultrasonic Pulse Velocity testing. This overview includes
information about the current uses of UPV and the conditions faced when testing
in-situ during a mission to an extraterrestrial body.
Chapter 3 describes the materials and methods involved to test the inuence of the
unique testing conditions found in the previous chapter on longitudinal wave velocity
and wave amplitude. The experimental design and procedure for each test series are
discussed in full detail. The chapter also includes the methods used to analyze the
data.
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Chapter 4 reviews the results from each test series and discuss the impacts each
condition has on longitudinal wave velocity and wave amplitude.
Chapter 5 summarizes the key ndings of this work and introduces opportunities




2.1 Extraterrestrial Rock Masses
2.1.1 Background
The success of missions to Mars, Lunar, and asteroid will depend on rock charac-
terization to estimate the mechanical properties of rock masses and prioritize them
according to the mission parameters. In-Situ Resource Utilization (ISRU) eorts
depend on using specic minerals and substances to produce consumables that will
enable long-term investments on extraterrestrial surfaces, but the properties of the
rock masses will determine the rocks that are suitable for resource extraction. As-
teroid exploration missions such as the proposed Asteroid Redirect Mission (ARM)
depend on rock characterization to select a suitable target to bring back into lunar
orbit for further study. These missions require basic information about the compo-
sition and structure of rock samples to maximize their eectiveness. The following
sections provide explanations on asteroid classication as well as martian and lunar
regolith mineralogical compositions in order to illustrate the need for in-situ rock
characterization techniques
2.1.2 Asteroid Information
Most asteroids are thought to be the material that never accreted to form plan-
ets (Nelson et al., 1993). Asteroids are rich with minerals and compounds that will
be used for human expansion into space; however, current classication and struc-
tural characterizations are accomplished by using remote sensing techniques or by
laboratory analysis of meteorites (Williams, 2015). The following subsections explain
current asteroid classication and known internal structure characteristics as well as
the need for direct for direct rock characterization techniques.
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Table 2.1: Asteroid Mineralogy and Expected Resources of the Three Main Asteroid





































Fe, Ni, Pt group
metals
Classication (Mineralogy and Composition)
Asteroids are classied based upon their spectral reectance. Spectral reectance
is produced by dierent minerals on the surface of the asteroid absorbing light at dif-
ferent wavelengths (Tholen, 1989). There are eight categories that asteroids can be
classied as: C-, S-, X-, A-, D-, T-, O-, R-, and V- categories with the C- (carbona-
ceous), S- (siliceous), and X- (varied) types being the predominant categories (DeMeo
et al., 2015). Although remote spectroscopy is a common technique to classify aster-
oids, each category has to have a broad enough wavelength range to distinguish itself
from another category. Most minerals on the surface of an asteroid do not produce
distinguishable spectral features from other materials and spectral reectance data
is also aected by grain size, temperature, viewing geometry, and space weathering
processes that cause changes on the surface over time (DeMeo et al., 2015).
The second common classication technique uses meteorite analogs. The three
main types of asteroids based on meteorite analogs are: stony, stony iron, and iron.
This classication technique has a major bias towards asteroids that contain materials
that survive the intense heat and acceleration through the Earth's atmosphere and
the subsequent impact (Nelson et al., 1993). Essentially, classication techniques
cannot be used to precisely determine the compositions of asteroids; however, they
can identify signicant similarities and dierences between groups of asteroids. Table




The internal structure of an asteroid is dicult to characterize since most methods
of rock characterization require direct measurements. Currently, no means of directly
testing asteroids in situ exist; however, some simple mechanical properties can be
approximated by using remote sensing as well as meteorite analogs. Depending on the
physical properties and the collision history of the asteroid, its internal structure can
be classied as one of two distinct categories: monolithic and rubble-pile (Benavidez
et al., 2012). Monolithic asteroids are large rock bodies that have maintained their
structural integrity by largely avoiding fracture and fragmentation events caused by
catastrophic disruptions caused by collisions with another asteroid. Alternatively,
rubble piles have been aected by these disruptions but rather than splitting into
individual asteroids, the original parent body merely fragmented with the remains
bound together by gravitational and cohesive forces (Scheeres et al., 2010; Wilkison
et al., 2002).
From the reectance spectrum and meteorite analogs, two physical properties of
the asteroid can be calculated readily: bulk density and porosity. First, the mass of
the asteroid is estimated by measuring the gravitational impact on surrounding bod-
ies or spacecraft. Then the volume can be calculated by using infrared radiometry or
imaging data from neighboring spacecraft to determine the dimensions of the asteroid
(Britt et al., 1987; Carry, 2012). The porosity is calculated by using the estimated
bulk density, the reectance spectrum that provides a meteoritic compositional ana-
log, and the grain density, and average porosity of the analog meteorite (Britt et al.,
1987). At present, these are the only physical properties that can be estimated using
remote sensing techniques and meteorite analogs.
The Presence of Ice
The presence of water on asteroids is critical to ISRU developments since water
can be used to create rocket propellant or life support. Most of the data about water
concentrations used to come from meteorite analogs that do not contain water but
have alterations from reactions with water leaving the meteorite (Lewis and Hutson,
1993). Further developments in remote sensing techniques showed that depending on
the distance away from the sun and the rotation of the asteroid, water concentration in
asteroids can be as high as 25% by mass (Thomas et al., 2005). The correct maximum
value for water concentration in an asteroid will be more precisely determined when
the asteroids can be directly tested, but even through indirect means of determining
water concentrations, asteroids are shown as promising resources for ISRU eorts.
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2.1.3 Martian and lunar information
Considerable eorts for ISRU technology development are allocated towards Mars
and the Moon since they are likely destinations for future crewed missions. The
subsequent sections discuss the mineralogical and geotechnical properties of the bodies
as well as the primary data collection methods.
Mineralogy, Composition, and Concentrations of Ice of Mars
Although the mineralogical composition of Mars will likely never be mapped in
its entirety, readily identiable concentrations of valuable minerals will be useful
for initial ISRU eorts. So far, dozens of minerals have been identied with mac
minerals as the dominate mineral type. Due to ancient volcanic activities, the upper
crust of Mars is broadly basaltic, but the abundance of other minerals vary based on
location (Ehlmann and Edwards, 2014). On younger terrains, ferric oxides and silica
bearing minerals are the predominant mineral types as indicated by spectroscopic
images taken from the OMEGA satellite (Bibring et al., 2006). The surface regolith
samples taken by the Mars Science Laboratory (MSL) on board the Curiosity rover
also validate the data sets collected with olivine, pyroxene, and plagiocase making up
a large portion of sample compositions (Vaniman et al., 2014). The data from three
of these samples can be seen in Table 2.2. The amorphous minerals are particles that
could not be properly identied by X-Ray Diraction (XRD) and simply put into
their own category.
Two mineral types that are of particular interest for ISRU development are phyl-
losilicates and sulfates because they indicate the presence of water. Other than the
glaciers at the mid-latitudes, concentrations of these minerals are prime candidates for
water resources for ISRU technologies (Abbud-Madrid et al., 2016). From the Table
2.2, the phyllosilicate of interest is smectite and the sulfates of interest are anhydrite
and bassanite. These minerals absorb water and lock the molecules into the mineral
structure. Thus, extraction can be a heat source that produces enough energy to
release the locked water molecules from the rest of the mineral (Abbud-Madrid et al.,
2016). As an aside, anhydrite does not contain water, its presence suggests that its
water bearing cousins are in the vicinity such as bassanite and gypsum. Although
spectroscopic data does not provide information on the mechanical properties of a
sample, data about regolith cohesion, friction angles, and qualitative assessments of
grain sizes was collected from the Mars Exploration Rover (MER), Opportunity. The
wheels on the rover dug trenches in the regolith and the changes in rover telemetry
were based on the physical properties of the surface regolith (Sullivan et al., 2011).
From the data collected, the regolith friction angles were 30°37°, which are consistent
with dry, ne-grained sands. Regolith cohesion was estimated to be 02 kPa.
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Table 2.2: Composition of Regolith Samples (% Wt) Taken from Mudstone at Yel-
lowknife Bay, Gale Crater, Mars (After Vaniman et al., 2014)
Mineral Rocknest John Klein Cumberland
Plagiocase 29.8 22.4 22.2
Fe-Forsterite 16.4 2.8 0.9
Augite 10.7 3.8 4.1
Pigeonite 10.1 5.6 8.0
Orthopyroxene - 3.0 4.1
Magnetite 1.5 3.8 4.4
Anhydrite 1.1 2.6 0.8
Bassanite - 1.0 0.7
Quartz 1.0 0.4 0.1
Sanidine 0.9 1.2 1.6
Hematite 0.8 0.6 0.7
Ilmenite 0.7 - 0.5
Akaganeite - 1.1 1.7
Halite - 0.1 0.1
Pyrite - 0.3 -
Pyrrohite - 1.0 1.0
Smectite - 22 18
Amorphous 27 28 31
Mineralogy, Composition, and Concentrations of Ice on the Moon
The regolith on the surface of the moon is also of particular interest for ISRU
development. The moon contains two distinct two regions that hold two dierent
petrologies and lithologies: highlands and mare plains. The highlands were formed
due to primordial volcanic processes that generated a silicate-rich magma ocean that
spread over the moon. The maria formed later with a greater concentration of basaltic
lava ows giving the maria their darker tone (Heiken et al., 1991). Examples of the
two kind of regions can be seen in Figure 2.1.
The rocks in these regions contain distinct characteristics that indicate their for-
mation. Basaltic rocks and glasses with high iron content are indicative of lunar mare
whereas the highlands contain higher concentrations of plagiocase, magnesium, and
rocks known as KREEPs, which are highly enriched in potassium (K), rare earth
elements (REE), and phosphorus (P). The regolith formed within these regions also
reect these dierences between formations(Heiken et al., 1991).
The primary mechanism that generated the surface regolith on the moon was the
ancient bombardment of asteroids and comets. The impacts generated new particles,
with some of them settling back on the surface or ejecting from the moon's gravi-
tational pull. The impacts also crushed and mixed the existing regolith around the
11
Figure 2.1: Dierent Regions of the Moon
moon. The intense heat from these impacts generated glasses and particles fused
together called agglutinates. With a almost non-existent atmosphere to protect the
lunar surface, solar and cosmic rays produced nuclear reactions between particles
through the regolith. Due to these random and localized events, mineral concentra-
tions in the regolith are not uniform over long distances (Heiken et al., 1991).
The dierences in mineral concentrations in dierent regolith samples taken during
select Apollo missions can seen Table 2.3. Of particular note are the dierences
between plagioclase, pyroxene and olivine between highland and mare samples.
Ilmenite (FeTiO3) is of particular interest for ISRU technology because it can be
reduced into three products: iron, titanium oxide, and oxygen. Not only can the iron
and titanium be used for fabrication projects, but this process yields free oxygen,
which can be used for fuel, water formation, and breathing air. Although reduction
processes for dierent minerals yield similar products, ilmenite reduction is currently
favored due to its simplicity (Anand et al., 2012).
The lunar regolith mechanical properties have been directly measured, unlike the
martian regolith. Bulk density, relative density, and porosity as well as other prop-
erties have been measured for separate lunar samples. The relative density is a ratio
between a sample's measured bulk density and data from other known samples, ex-
pressed as a percent. Due to how particles are organized, regolith density and porosity
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Table 2.3: Mineralogical Compositions of Lunar Regolith Samples in % Vol. (After









Plagioclase 34.1 39.3 12.9 34.1
Pyroxene 38 27.7 61.1 30.1
Olivine 5.9 11.6 5.3 0.2
Silica 0.9 0.1 - -
Ilmenite 0.4 3.7 0.8 12.8
Mare Glass 15.9 9.0 6.7 17.2
Highland Glass 4.8 8.5 10.9 4.7
Others - - 2.3 0.7
Total 100.0 99.9 100.0 99.8
Figure 2.2: Particle Assemblies
are not uniform across long distances. Particles settle in dierent formations, which
aects the density of particles and voids in a given space (Heiken et al., 1991). Figure
2.2 shows this relationship.
Relative density measures the degree of packing for the regolith sample relative to
the regolith's minimum and maximum densities. It can also be expressed in terms of
bulk density and porosity since both properties determine the amount of void space
between particles given the relationship:
ρ = SG ∗ ρw(1 − n) (2.1)
where ρ is the measured bulk density, SG is the specic gravity of a material, ρw is
the density of water, and n is the porosity. From this relationship the relative density,














Table 2.4: Best Averages for Lunar Regolith Bulk Density, Relative Density, and








0 - 15 1.50 ± 0.05 65 ± 3 52 ± 2
0 - 30 1.58 ± 0.05 74 ± 3 49 ± 2
30 - 60 1.74 ± 0.05 92 ± 3 44 ± 2
0 - 60 1.66 ± 0.05 83 ± 3 46 ± 2
The physical properties of the lunar regolith were derived from lunar drill core
samples from the Apollo missions. Table 2.4 shows the best averages derived for each
parameter.
Data on the cohesion, compressibility, strengths and other mechanical proper-
ties was also generated from the regolith samples. Although mineral concentrations
are important for construction and manufacturing purposes, extensive research has
been done to conrm the existence of water on the moon. Two missions have inde-
pendently shown that ice concentrations on the moon are known to exist in either
permanently shadowed craters or within the surface regolith itself. The rst mission,
launched in 2008, involved the Indian Space Research Organization's (ISRO)'s satel-
lite Chandrayaan-1, which was equipped with the Moon Mineralogy Mapper (M3)
spectrometer that measures the visible and near-infrared wavelengths that OH and
H2O bonds readily absorb (Pieters et al., 2009). Results from M
3, published in 2009,
proved that water existed within 3 micrometers on the surface of the moon and indi-
cated that the absorption features were strongest at higher latitudes; however, water
concentration on the surface does not extend farther than a few millimeters (Pieters
et al., 2009). In 2010, results from NASA's Lunar Crater Observation and Sensing
Satellite (LCROSS) conrmed that ice exists in the permanently shadowed craters
with water content of approximately 5.6 ± 2.9% by weight (Colaprete et al., 2010).
2.1.4 Summarized Information
The information highlights topics relating to asteroid classication and the cur-
rent state of Martian and Lunar surface characterization. The data collected from
remote sensing and indirect testing as well as direct measurements on lunar regolith
reveals valuable information about the mineralogical content and geologic history on
the surfaces of these extraterrestrial bodies. These tests have not only identied min-
eral concentrations but also water concentrations. This information has directly led
to developing ISRU technologies to extract and process these resources to provide
for crews on long-term missions. Still, most of the data collected for martian and
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asteroid surfaces is from remote sensing techniques and meteorite analogs. Asteroid
characterization is conducted by indirectly testing asteroids that are millions of miles
away from Earth or by analyzing meteorites that have undergone signicant chemi-
cal changes because they have passed through the Earth's atmosphere. The actual
conditions and characteristics of individual asteroids may be signicantly dierent
when directly tested and the data collected so far can only reveal a limited amount
of information. In similar fashion, Martian missions have determined mineralogy but
cannot directly determine precise mechanical properties of samples. Table 2.5 lists
the dierent means of obtaining surface data from Mars.
The Moon has the distinction of using direct testing methods on returned samples
to determine content, and mechanical properties; however, samples were not charac-
terized in-situ. Table 2.6 shows each sample return mission from the Moon with
details of the mission with the number and mass of each sample returned.
Although spectrometers and remote sensing tools can determine the chemical com-
position of a sample, they cannot determine its mechanical properties. Terrestrial
analogs can be used to estimate their mechanical properties, but the precise range
is uncertain without direct testing methods. For asteroid missions, the frequencies
of rubble-pile and monolithic asteroids are uncertain as well as the strength of these
asteroids. The characterization testing will likely avoid destructive methods to pre-
vent damage to target asteroids for spacecraft safety as well as to avoid damaging
potentially valuable samples.
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Table 2.5: Spacecraft and Vehicles with Mineralogical Determination Capabilities
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Table 2.6: Lunar Missions with Samples Returned
Mission Description Sample Returned
Apollo 11
July 20, 1969; First manned
mission to the moon;
Landed in the Mare
Tranquillitatis
58 samples weighing 21.6 kg
Apollo 12
November 14, 1969; Landed
in Mare Cognitum




return mission; Landed in
Mare Fecunditatis
1 sample weighing 101 grams
Apollo 14
January 31, 1971; Landed
in Fra Mauro
227 samples weighing 42.3 kg
Apollo 15
July 26, 1971; Landed in
Mare Imbrium




return mission; Landed in
Mare Fecunditatis
1 sample weighing 55 grams
Apollo 16
April 16, 1972; Landed in
Descartes Highlands
731 samples weighing 95.7 kg
Apollo 17
December 7, 1972; Landed
in Taurus-Littrow valley
741 samples weighing 110.5 kg
Luna 24
August 9, 1976; Unmanned
Soviet sample return
mission; Landed in Mare
Crisium
1 sample weighing 170 grams
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2.2 UPV Rock Characterization Technique
2.2.1 UPV Background
The ultrasonic pulse velocity test is a non-destructive testing method that uses
ultrasonic waves to characterize a material's elastic properties as well as to provide
information about internal structure of a solid body. UPV has broad, well-researched
applications for terrestrial uses in civil, mechanical, and mining engineering that make
it suitable for extraterrestrial rock characterization.
2.2.2 Waveform Overview
Amechanical or elastic wave is the propagation of a disturbance through a material
body that is caused by the vibration of particles. The velocity the wave travels is
dependent on the material type as well as the wave type and has the units length/time.
The frequency of a wave is dened as the number of cycles of particle vibration
per second. The frequency of a wave depends on the input source (e.g. impact,
ultrasonics) and has the units Hertz (Hz). The wavelength is dened as the distance
between successive vibration peaks is shown by the symbol, λ. The velocity, frequency,
and wavelength of a wave are related by:




The frequency of a wave also determines the amount of energy loss per unit of
distance (attenuation) because as the number of vibrations per second increases, the
more energy will be lost with each vibration. Lower frequencies also have longer wave-
lengths, which means the waves can travel farther, but they cannot detect smaller
defects in a body. The attenuation of a wave is also dependent on the material.
Homogeneous materials such as steel cause less wave attenuation than heterogeneous
materials like concrete or rocks because these bodies are composed of dierent mate-
rials themselves as well as pore spaces which impede the path of a wave.
Two types of waves can propagate through a solid body: longitudinal waves or
P-waves, and transverse waves or S-waves. P-waves cause particle vibrations parallel
to the direction that the wave is traveling, while S-waves cause vibrations perpendic-
ular to the direction that the wave is traveling in. S-waves propagate perpendicular
to the travel direction because they rely on the shear oscillation between particles.
Consequently, S-waves travel slower than P-waves and cannot travel through gases
and liquids because uids cannot shear.
The resistance to the propagation to a sound wave through the material is known
as acoustic impedance. The acoustic impedance is a property of the material as
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Figure 2.3: Transducer Cross-Section
dened by the material's density and the wave velocity through the material.
Z = ρV (2.5)
Acoustic impedance is especially important when a wave is propagating from one
material to another because dierences in impedances determine the amount of wave
energy lost when the wave is at the boundary between the materials.
Refraction is another concern when passing an ultrasonic signal through a het-
erogeneous material. Refraction is the incomplete transmission of a wave through an
interface. When a wave interacts with two materials that are not the same the wave is
split in two and is said to be refracted. Part of this refracted wave is reected and the
other part is transmitted at a dierent angle. This angle of refraction is inuenced
by the angle of wave incidence.
2.2.3 Data Acquisition
Data acquisition units for UPV contain an oscilloscope, a electric pulser, and an
amplier. Connected to the DAQ are two transducers that act as the transmitter and
the receiver. The transducers contain piezoelectric (PZT) crystals, which vibrate at a
pre-determined frequency when stimulated by an electric signal and vice versa. The
vibrations generate the sound wave that propagates through the medium. Figure 2.3
is an example of transducer cross section.
During a test, an electric pulse is rst generated and sent to the transmitting trans-
ducer that in turn creates the ultrasonic wave that propagates through the medium.
When the wave reaches the receiving transducer, the vibrations create an electric
signal that is sent to through an amplier. The purpose of the amplier is to change
the power and gain of the electric signal after it reaches the receiver. An amplier
can improve signal clarity but may amplify the noise in the waveform as well. Fi-
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Figure 2.4: Example of UPV Structure
nally, the signal is received by an oscilloscope that displays the waveform. To improve
the eciency of the energy transfer from the transducer to the sample, a couplant
is added to the ends of the transducers. The acoustic impedance of the couplant is
crucial because the dierence in acoustic impedances between materials determines
the amount of energy transmitted. The ultimate goal of UPV this test obtain the
time of arrival for a signal through a medium. Once the time of arrival is found, the
length of the medium is divided by the time and thus yields the velocity of the wave
through said medium. Figure 2.4 shows an example of a UPV setup.
2.2.4 Data Utilization
There are a multitude of ways to use wave velocity to characterize material. The
following sections discuss fundamental and empirical methods to use wave velocities.
Dynamic Moduli
From the velocities of the P and S waves, Vp and Vs respectively, the dynamic
moduli of the medium can be derived as long as the density of the medium is known
a priori. The equations below list fundamentally proven relationships between ultra-
sonic velocities and the elastic properties of Young's modulus, the shear modulus, G,
Poisson's ratio, ν, and the bulk modulus, K.
G = V 2s ρ (2.6)
ν =
V 2p − 2V 2s







E = V 2p ρ (2.9)








K = ρ(V 2p −
4
3
V 2s ) (2.13)
where ∆p is the change in compression on the sample, σv is stress , and ε is
the strain. The properties indicate the elasticity, compressibility, and rigidness of a
sample, which are important mechanical properties when discussing sample strength.
Internal Structure
The detection of discontinuities and pore spaces is possible due to the fact that
ultrasonic waves cannot transmit across these voids. A propagating wave must nd
a path around the void, resulting in attenuation and an increase in the time arrival
for the signal. If the velocity range of the medium is already well-established then
slower velocities likely indicate the voids within the sample. Essentially, the slower the
velocity is from a baseline value, the more voids within (McCann and Forde, 2001).
Figure 2.5 is an example of the pathway of an ultrasonic wave when it encounters a
void space.
Discontinuity detection is key for quality control of steel (ASTM Standard A388/
A388M-16a), concrete (ASTM Standard D6760-16) and rock (Aydin, 2015) because
discontinuities signicantly aect the strength of a specimen. Stress will propagate
through these voids and cause fractures that will eventually lead to failure. Likewise,
greater densities in solid material will generally yield faster wave velocities than less
dense material since there are fewer pore spaces to avoid.
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Figure 2.5: Void Space Example
Strength Analogues
Other uses for the longitudinal wave velocity include those that attempt to char-
acterize the strength of a sample. Uniaxial compressive strength (UCS) is a common
strength analogue within rock mechanics that designates the material's ability to
withstand compressive stress. UCS is closely related to the stiness and density of
the material, which means the longitudinal velocity may provide a close approxima-
tion since it also depends on these properties. Numerous reports have attempted to
dene this relationship with Table 2.7 containing thirteen dierent equations. These
equations are developed based on rock type, but many of them try to establish a
broad relationship across several types to create a general relationship between UCS
and Vp.
Eight of these equations use simple linear relationships to correlate P-wave velocity
with compressive strength with remainder using power and exponential relationships.
The coecients of determination range from weak correlations at 0.53 to strong cor-
relations at 0.96; however, the strongest relationships occur with relatively small sam-
ple sizes (Kiliç and Teymen, 2008; Khandelwal and Singh, 2009), which may provide
strong correlations, but do not take into account as many nuances as larger sample
sizes do. As a general rule, faster P-wave velocities correlate with larger compressive
strength values. While numerous correlation equations are available, it is important
to note that each equation relates P-wave velocity to UCS using site-specic data.
Any equation that is empirically derived should be subjected to scrutiny regardless
of the coecient of determination. Dierences not just in rock type, but in procedure
for each study can alter analyses when using one of the equations.
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Table 2.7: Equations Relating P-wave Velocity to UCS






























UCS = 0.033Vp=34.83 R2 = 0.87

























































Table 2.8: Normal Laboratory Testing Conditions (After Aydin, 2015; ASTM Stan-
dard D2845-08)
Parameter Standard Relevant in Space
Sample geometry Smooth, at, and parallel faces No
Transducer frequency 50 - 500 kHz Yes
Coupling medium




Small stress (~10 kPa) for a
given transducer diameter
Yes
Transudcer alignment Normal to both faces Yes
Moisture content
Either dry, fully satured, or
in-situ
No
Wave travel distance 10x the average grain size No
2.2.5 Environmental and In-Situ Testing Issues
For UPV testing in general, predicting in-situ properties based on laboratory test
results is complicated due to inadequate representation of eld conditions (Aydin,
2015). Laboratory conditions will not be present in-situ and much less so on an
extraterrestrial body. From ASTM and ISRM standards (ASTM Standard D2845-08
and Aydin, 2015), Table 2.8 lists normal testing conditions for UPV laboratory tests
and the relevancy for space testing.
At least four of these of these testing conditions will not reect in-situ space
conditions: (1) Sample dimension restriction (2) sample surface roughness control (3)
coupling medium selection (4) moisture content. These standards also do not take
into account any regolith lying on the surface of the sample. Sample preparation
tools will likely not be part of an extraterrestrial a rock characterization equipment
set due to space restrictions on board a spacecraft. Standard protocols will have
to be modied for conditions found in space. Previous reports have found protocol
adjustments to into account robotic alignment issues and sub-zero temperatures, but
have not taken into account some physical properties of the samples (Goodman, 2016;
Savage, 2016).
Sample Dimensions
In laboratory tests, sample dimensions are typically small (10 - 15 cm in length) to
avoid signal attenuation problems through larger samples. Alternatively, from ARM
mission parameters, the target sample size for a boulder is 2 - 4 meters (Mazanek
et al., 2015), which is much larger than normal sample sizes used during rock testing.
Signal attenuation is a well-known phenomenon, but must be assessed with these
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mission requirements. Depending on the frequency of the transducer, UPV can be
conducted on any specimen without limitations on shape or dimensions as long as
the test can provide a distinguishable waveform, with higher frequencies favoring
shorter sample lengths (Aydin, 2015). For UPV to be considered part of the ARM
characterization testing suite, the eects of sample length must be investigated.
Surface Roughness
Standard UPV testing protocol from International Society of Rock Mechanics
(ISRM) states that sample preparation requires test specimens with smooth, at, and
parallel faces because an uneven surface cannot uniformly distribute waves across the
surface. (Aydin, 2015). The roughness of the sample surface is an in-situ physical
property that is removed during laboratory preparation; however, in-situ testing will
not prepare samples to the same degree as for laboratory testing, if any at all. As a
result, the signal attenuation attributed to limited contact area must be investigated.
Since standard testing protocol mandate smooth surfaces, very few studies have re-
ported on the inuence of surface roughness on signal attenuation. Nevertheless,
Kahraman (2002) found that increasing fracture roughness within samples decreases
P-wave velocity. His report used ve samples from three dierent rock types with
dierent fracture roughness coecients 0 through 4 with 0 meaning no roughness
to 4 meaning very high roughness. Across all three rock types, the P-wave velocity
decreased with increasing roughness.
Even though signal attenuation attributed to surface roughness is not well-researched
in rock mechanics, it is discussed within research regrading quality control for metal
products. While rocks normally have rougher proles than machined metal, the con-
cept of surface roughness is similar between them. Nagy and Adler (1987); Nagy and
Rose (1993); and Oh et al. (1994) all state that increasing surface roughness increases
signal attenuation in metal testing. Nagy and Adler (1987) found that immersing
the transducers and sample within a water bath can mitigate most of the signal at-
tenuation attributed to surface roughness while in Nagy and Rose (1993) found that
the eects of surface roughness becomes negligible below a certain frequency for a
certain degree of roughness. Oh et al. (1994) used ultrasonic techniques to measure
surface roughness and compared the results to those gathered with a prolometer,
nding that ultrasonic waves can accurately assess the degree of surface roughness on
a sample.
Lack of Gel Couplant
A layer of couplant applied during testing ensures ecient energy transfer between
the transducers and the sample. A large variety of couplant options includes grease,
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glycerin, putty, Vaseline, and oil (Aydin, 2015). Although a gel couplant is normally
used during testing to improve energy transmission, it may not be included as part of
an ultrasonic equipment set for in-situ rock characterization because its utility may
be limited by property changes due to extreme temperatures encountered in space.
While prior tests without couplant are sparse, Blomme et al. (2002); Gan et al.
(2001); Grandia and Fortunko (1995) show that air can act as an eective coupling
medium with alterations to the UPV equipment for quality control of metal products;
however, the atmosphere on the Moon, Mars, or asteroids are not pressurized to the
same degree on Earth. The lack of an atmosphere means that an air couplant will
not be an eective coupling medium methods especially since the methods discussed
do not involve sample contact. Essentially, ultrasonic waves will be unable to reach
the sample while attempting to use air-couplant in space.
Regolith Testing
Another environmental concern that must be addressed is the regolith that covers
the surface of extraterrestrial bodies. If the tools to remove it are not provided, then
its eect on signal attenuation needs to be taken into account. Previous ultrasonic
testing on terrestrial soils has yielded correlations between correlations between dy-
namic moduli and compaction such as in Inci et al. (2003); Weidinger et al. (2009);
Yesiller et al. (2000). The eects of soil saturation on dynamic moduli have also been
investigated (Yesiller et al., 2000; Lawrence Jr, 1965; Stephenson, 1978; Weidinger
et al., 2009). Their ndings show that the amount of voids as well as the water
content will signicantly aect the wave velocity and subsequently the dynamic mod-
uli. Generally, as compaction increased, wave velocity increased and as saturation
increased, the wave velocity decreased. The reports do not mention correlations be-
tween the size of the particles used during testing. ISRM standards mention the grain
size of samples having an eect on wave velocity (Aydin, 2015). In order to assess the
impact of the surface regolith, all physical parameters that dictate a regolith mixture
must be addressed.
Trapped Frozen Water
Ice may be trapped within the surface regolith of extraterrestrial bodies. Terrestri-
ally, the eect of ice on ultrasonic waves has been measured in order to determine the
dynamic moduli and mechanical properties of frozen rock and soil samples. Several
studies have examined the change in properties as a function of temperature (Timur,
1968; Wang et al., 2006; Park et al., 2013; Christ and Park, 2009) or a function of
porosity and degree of melting (Zimmerman and King, 1986). Nakano et al. (1972)
have measured P- and S-waves in water saturated frozen soils and suggested that
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the decrease in P-wave velocities was due to the physical change from water to ice.
Nakano and Arnold (1973) investigated the eect of ice saturation in frozen sand on
the ultrasonic wave velocities found that the wave velocities increased with ice satu-
ration. Wang et al. (2006); Park et al. (2013) found dierences in soils and freezing
temperatures have direct eects on dynamic elastic constants. Although, the research
is extensive, the eects of particle size and distributions on the wave velocities within
these mixtures has not been investigated. Most samples were representative of the
area they were collected from so the particle size distributions were not varied during
testing.
2.2.6 Summary
UPV is a standard non-destructive test commonly used to determine dynamic
moduli of materials. The velocity of ultrasonic waves is dependent on the mechani-
cal and physical properties of the sample being tested. The wave velocities can also
be used to qualitatively determine the internal structure of a sample as well as pro-
vide empirical estimations for mechanical properties such as compressive strength.
These tests are normally conducted in laboratory settings; however, the conditions
that will be encountered on extraterrestrial bodies will require adjustments to stan-
dard procedures to take into account changes in physical sample properties. From
ISRM standards,UPV tests can be conducted on any specimen without limitations on
shape or dimensions as long as the test can provide a distinguishable waveform. The
roughness of the sample surface is a physical property that is removed during prepara-
tion. Research regarding joint fractures and metal machining suggests that increasing
roughness will increase signal attenuation. The utility of a gel couplant is questionable
due to the extreme temperatures that will be encountered. Literature shows that the
surrounding atmosphere can act as an eective coupling medium. Research regarding
regolith suggests that as regolith compaction increased, wave velocity increased and
as saturation increased, the wave velocity decreased. The literature does not mention
the eects of particle size while UPV standards note the eect of grain sizes in a
rock sample. Finally, frozen water trapped within surface regolith will be a valuable
resource for ISRU eorts. Previous work has found that wave velocities increase with
ice saturation and dierences in soils and freezing temperatures have direct eects on
dynamic elastic constants. The takeaways from this section of the literature review
are:
 Testing must assess the inuence of sample dimensions, roughness and regolith
cover as well as the absence of a gel couplant.
 For UPV to be considered part of the ARM characterization testing suite, a
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mitigation strategy for sample length must be devised.
 In order to assess the impact of the surface regolith, all physical parameters
that dictate a regolith mixture must be addressed.
 Mitigation strategies for surface roughness exist for quality control in metal
machining meaning a strategy can developed for rock mechanics.
 Further research is required to assess UPV's ability to characterize ice concen-
trations with various distributions of regolith particle sizes.
Table 2.9 lists ve conditions that are excluded during a laboratory test along with
citations of previous work and a brief description of each condition.
Table 2.9: UPV In-Situ Testing Conditions
Condition Description Citations
Sample Dimensions
The length of the sample
will determine the amount
of signal attenuation that




The natural surface texture
of the sample limits the
amount of contact area
between the sample and
the transducers.
(Kahraman, 2002;
Nagy and Adler, 1987;
Nagy and Rose, 1993;
Oh et al., 1994)
Surface Regolith
The particles lying on the
surface of the sample can
cause additional signal
attenuation before the
waves reach the sample
beneath.
(Yesiller et al., 2000;
Weidinger et al., 2009;
Stephenson, 1978;
Slavova et al., 2010;
Lawrence Jr, 1965;
Inci et al., 2003)
Lack of Coupling Gel
Possibility of no gel
medium on board the
spacecraft due to physical
changes consequential of
sub-zero temperatures.
(Blomme et al., 2002;






Water may be trapped





1986; Park et al.,
2013; Nakano et al.,






An experimental program was implemented to address the inuence of sample
size, surface regolith, surface roughness, and couplant on the transmission of P-waves.
Thus, three test series were developed for each physical property to establish rela-
tionships between changes in wave velocity and each property in order to develop a
procedure to mitigate their inuence. The length and roughness testing took into ac-
count changes in velocity depending on the addition of gel couplant, while the regolith
test series attempted to provide an in-situ replacement for gel couplant. An additional
test series was developed to investigate the ability of UPV to characterize changes
in ice concentrations with variable particle size distributions was also evaluated. In
total, four separate test series were developed.
3.2 Sample Procurement
3.2.1 Rock Samples
Available limestone and chalk were used to form the main body of regolith and
roughness testing. The limestone samples were extracted from the Elbrook and Cono-
cocheague formations in northern Virginia and the chalk samples were cored from the
Austin formation in Texas. Limestone is a sedimentary rock mostly made of calcium
carbonate crystals (CaCO3). It also contains various amounts of Mg, Fe, or Zn atoms
arranged in alternating layers with carbonate. Limestone forms mostly from dead
calcacerous organisms that sink to the bottom of a body water and create layers of
calcium carbonate. Over time the detritus is compressed and forms into limestone
or other forms such as chalk. Chalk is contains a higher concentration of calcium
carbonate than limestone, but varying amounts of quartz and clay. Chalk also has a
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Table 3.1: Baseline Data for Chalk and Limestone (After Savage, 2016)
Property Unit Chalk Limestone
Density (g/cm3) 1.86 - 2.02 2.60 - 2.77
P-Wave Velocity (m/s) 2,713 - 4,099 5,071 - 7,049
UCS (MPa) 10.6 - 15.5 102.6 - 115.2
lower density and a greater porosity than limestone. Sample length varied between
7.6 and 15 cm while every the sample diameter was around 4.8 cm. Figure 3.1 shows
limestone and chalk rock cores together. The samples were characterized in Savage
(2016) and the baseline data for chalk and limestone is displayed in Table 3.1.
Figure 3.1: Limestone (L) and Chalk (R) Cores
3.2.2 Concrete Samples
In addition to the rock samples, three concrete beams at lengths of 1 m, 3 m,
and 6 m were constructed for the length testing series. The dimensions were selected
because the mission parameters of the ARRM had initially stipulated a target boulder
length of 2 - 6 m. The concrete mix was purchased from Central Supply Co. located in
Morgantown, WV and the mix was poured into wooden molds lined with a lubricant
to prevent adherence to the mold. The concrete mix was rated at approximately 27
- 28 MPa. Immediately after the pouring, the sides of the molds were tapped with
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Table 3.2: Concrete Baseline Values
Property Unit Value
P-Wave m/s 4,845
S -Wave m/s 2,761
Density g/cm3 2.28
Poisson's ---- 0.259
Young's Modulus GPa 43.85
Strength MPa 27.35
rubber mallets to remove air pockets trapped within the concrete mix. After one
day of open air cure, burlap cloth was placed over the beams to control the moisture
content. The total cure time for all beams was 28 days. Each day, at approximately
the same time, water was applied to the beam top surfaces to soak into the burlap
cloth and maintain moisture cure levels. Figure 3.2 shows the beams immediately
after the pour. Additionally, concrete was poured into 9 cylinder molds with lengths
of 30.5 cm and diameters of 15.25 cm. The cylinders were tested to supply baseline
values for the concrete mixture. The cores were cured for dierent times and their
mechanical properties were evaluated over time. Table 3.2 shows the baseline data
after 28 days of cure time.
Figure 3.2: Concrete Beams Immediately After Pour. From Left to Right: 6 m, 3 m,
and 1 m beams
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Sturtevant Jaw Crusher Sepor Ball Mill
1) Two passes through crusher 2) 15 minutes of grinding
Ro-Tap RX-29 Sepor Sieve Shaker
3) 15 - 20 minutes of dry sieving 4) 20 - 30 minutes of wet sieving
Figure 3.3: Regolith Generation Equipment
3.2.3 Regolith Generation
To generate regolith simulant, limestone and chalk cores were staged crushed and
ground in an Sturtevant jaw crusher and a Sepor ball mill. After grinding, material
was dry sieved using No. 10, 18, 35, 60 and 100 sieves. Wet screening was used for
sizes less than 150 microns. The equipment used for this procedure are shown in
Figure 3.3.
The particle size classes were chosen based on the NASA Lunar Sourcebook
(Heiken et al., 1991). Figure 3.4 shows the core and regolith size classes.
Figure 3.4: Regolith Size Classes
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3.3 Methods/Procedures
3.3.1 Standard Test Protocols for UPV
The standard test procedures were based on ISRM standards (Aydin, 2015). For
all test series, the ultrasonic platform that was used was the Proceq©Pundit-Lab
200 with 54 kHz transducers used for all tests.
3.3.2 Data Processing
UPV operates by turning an electrical signal into an ultrasonic wave that is sent
back to receive a waveform on an oscilloscope. The length of the sample is divided
by the time it takes for the signal to arrive at the receiving transducer to calculate
the velocity for a specic medium. In addition to the arrival time, wave amplitude
was measured as a surrogate for signal quality.
3.3.3 Length Testing
To assess the inuence of sample length, three large concrete beams were con-
structed, UPV was measured as a function of length down the beam. A combination
of direct and semi-direct testing methods was used to gather data at numerous lengths.
This data was compared to the baseline velocity value from the concrete cores. Figure
3.5 shows the dierent transmission methods.
Figure 3.5: Methods of Transmission
3.3.4 Regolith Testing
To assess the inuence of a regolith cover, the eects of dierent regolith param-
eters on wave velocity and amplitude were evaluated. These four parameters to be
used for testing were: particle top size, particle size distribution, compaction, and
regolith depth. The experiments used crushed limestone sorted into nine dierent
size classes from 20 to 2000 microns in particle diameter and a single limestone core
was used to act as the sample. Attached to the core was a piece of PVC to hold the
regolith and the baseline velocity of the core was measured at 5300 m/s. Figure 3.6
shows the core sample.
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Figure 3.6: Limestone Core
The size distribution and top size for each unique blend were used in a Gaudin-
Schumann equation to derive the mass of regolith in each size class. The blend
was poured onto the limestone core and the amount depended on the depth and
compaction required for that test. The depth was then checked before and after
compaction to ensure this value remained constant. The transmitter was then be
placed lightly on top of the regolith and the wave velocity was measured at least 10
times per test. All tests for each blend were completed in the same fashion. The mix
was then wet sieved and deconstructed to have enough material for the next blend.
In the experimental design, the particle size distribution was dened using a
Gaudin-Schumann equation. The equation is frequently used in mineral process-
ing to represent the distribution of particles sizes in a blend Wills and Napier-Munn







where x is particle size, y is the cumulative percent mass passing, b is the particle
top size, and k is the size distribution modulus. B and k are used in the experimental
design to represent the dierent blends used for testing. b is the maximum particle
size in the blend. As k increases from zero, the homogeneity increases to the point
where all particles are in the top size class. Compaction describes how densely packed
particles are, however, not all particle size distributions allow for the same percent of
compaction. For a certain particle size distribution, compaction values range between
no compaction and a specic point of incompressibility. For this test series, the values
used for compaction were classied as: none, some, and maximum. A compaction
ratio denoted as some is a qualitative assessment based on the maximum compaction
required for a specic blend. As long as the compaction was less than the maximum,
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where z0 is the original height of the regolith and z1 is the compacted height. Z1
is also the nal parameter: regolith depth.
The rst regolith series (R1) attempted to establish statistical signicance to the
four parameters that make up the physical properties of surface regolith. Table 3.3
shows the dierent values for each parameter.




Top Size (µm) 500 1000 2000
Distribution Modulus 0.1 0.5 1.0
Compaction Ratio None Some Maximum
Maximum Depth (cm) 1 2 3
The second series of regolith testing (R2), attempted to simplify the procedure
from R1 and and provide results that would help establish a relationship between
regolith depth and wave velocity as well as isolate the inuence of particle size on
signal attenuation. For this series, the procedure only used three parameters but
eectively retain the same procedure. Particle top size and distribution modulus
were unchanged; however, compaction was kept at maximum for all tests and depth
was changed to mass. This eliminated compaction as a variable and allowed a simpler
method of determining the height of the regolith. Maximum compaction was achieved
by placing a 1 kg calibration weight on top of the mass of regolith and 14.2 kg weight
was placed on top of the calibration weight. Across the 4.8 cm diameter of the
limestone core the pressure on the regolith was ~83 kPa or 12 psi. The mass of each
test was either 15, 30, or 45 grams, which yielded regolith depths between 0.25 cm
and 1.2 cm. A full factorial experimental design was used instead of a Box-Benekhen
to provide the maximum possible amount of data points. The parameters for R2 can
be seen in Table 3.4.




Top Size (µm) 500 1000 2000
Distribution Modulus 0.1 0.5 1.0
Regolith Mass (g) 15 30 45
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The purpose of the last three series was to further isolate the change in wave
velocity as particle top size and regolith depth changed. For the third regolith series
(R3), only top size and regolith mass were considered. As such, only individual size
classes were used for testing. All 9 size classes were used, and only 3 points were
collected for each class using the same regolith masses in R2. The fourth series (R4)
used only three size fractions. 45, 500, and 2000 µm, but regolith was continuously
added in 5 gram increments until distinct signals could not be recognized. The fth
series (R5), used one size class of chalk particles (1000-2000 µm) and was placed
on top of the same limestone core in previous testing. The regolith was added in
5 g increments until distinct signals could not be recognized. This data was then
compared to data collected from R4 with the same particle size class.
Prior to the rst regolith testing series, an experimental design was constructed to
eciently test dierent blends. Each regolith parameter was assigned a high, medium,
and low value, thus a full factorial test required 81 dierent tests to be conducted. A
fractional factorial or a central composite rotatable design required fewer experiments
to arrive at the same conclusions. Therefore, fractional factorial and central composite
rotatable designs are considered to be more time-ecient than full-factorial designs
(Amini et al., 2016). Specically a Box-Behnken design was used for the regolith
testing series. The design yielded a test matrix with 27 points; greatly minimizing
the amount of time spent collecting data. The second regolith series utilized a full
factorial experimental design because the test matrix required only 27 points so the
same amount of time was spent testing as the previous series.
3.3.5 Roughness Testing
The purpose of surface roughness testing was to evaluate signal attenuation as
a wave encounters an uneven surface when it is being transmitted to the testing
media. The uneven surface limits the amount of area the transducer is in contact
with, and means that a certain portion of ultrasonic waves have to pass through air
to reach the medium. This transmission causes an energy loss that has to be taken
into account when attempting to quantify signal attenuation without the use of a gel
couplant. Work from previous studies has shown the inuence of alignment between
transducers (Goodman, 2016); thus, the transducers have to be parallel to each other
in order to isolate signal attenuation through a rough surface.
Finding a natural sample of limestone with two parallel rough ends was pro-
hibitively dicult, so procedure to articially generate rough, parallel surfaces was
implemented. To prepare for testing, eight limestone samples were created from three
parent cores. Quarter-inch grooves were cut around the bodies of the three parent
cores because stress propagates through the weakest points of a body. A load was
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Figure 3.7: Limestone Sample with Groove Cut (L) and Limestone Sample within
PLT-10 (R)
applied to the groove and the parent core broke into two pieces with rough surfaces
that were parallel to the smooth ends.
The cores were then placed in a PLT-10 point load test meter and loaded to
failure. The platens on the PLT-10 were small enough to apply pressure precisely
on the groove. This means the failure plane propagated straight through the groove
without deviating through other weak points in the body. The failure planes created
rough surfaces parallel to a smooth end, thus, the alignment of the transducers was
not be an issue. Figure 3.7 shows a parent core with a groove cut into it along with
the core placed inside of the PLT-10.
The cores were between 8.2 and 15 cm in length. The cores were then placed in
the same test stand as previous regolith tests and experimented with and without
coupling gel on both ends. Once that phase of testing was completed, all but one
of the cores had their rough ends sawed o and tested once again with and without
couplant. The results showed the dierence in wave velocity between rough and
smooth samples with and without gel couplant.
In the event that a couplant could be created from the regolith, a second roughness
testing series was developed. The second roughness series used one core with a rough
surface and had a PVC cast attached to its body. The testing procedure was the
same as in R4 with particles sized at 1000-2000 μm continuously added on top of the
core until a signal was indistinguishable. The purpose of the second series was to
compare the results obtained with a rough sample with regolith on the surface to see
if the same trendline from R4, which used a smooth sample, could be obtained. Since
the acoustic impedance of the limestone regolith and the testing core is similar, the
regolith lled in the voids of the rough and distribute wave energy uniformly across
the diameter of the sample.
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Figure 3.8: Before and After Homogenization
3.3.6 Ice Testing
The presence of water in the form of ice on the Moon and Mars, is a primary
force behind ISRU eorts. If signal attenuation is aected by material type, then it is
conceivable that dierent concentrations of ice aect wave velocity. Sections 2.1.2 and
2.1.3 have discussed the possibility of water locked into surface regolith that can be
used for ISRU eorts. To simulate frozen ice/regolith mixtures, the regolith samples
were initially prepared by standard crushing and screening procedures as described in
prior sections. Small iced shavings were then prepared using a commercial blender.
To ensure complete homogenization of the nal mixture, all ice shavings were hand
sorted and any pieces larger than 1 centimeter were removed. Next, 100 grams of ice
and regolith (at the desired ratio) were combined in the mixing container and shaken
up to 2 minutes until completely homogenized. Figure 3.8 shows an example of a
blend before and after it is homogenized.
The blend was then placed into a PVC pipe that had an inner diameter of 2 inches
and was sealed at the bottom with duct tape. Figure 3.9 is an example of the PVC
cast.
The mixture was then gently compressed with a transducer to remove any air-
pockets. The blend was then placed into a freezer for at least 3 hours before taken out
again. Once taken out the freezer, the blend was checked for any surface roughness.
If the sample did not have a smooth surface, a transducer was placed on top of the
blend and gently rubbed across the surface. The heat transfer from the transducer
to the blend melted the ice and created a smooth surface. The sample was then be
placed back into the freezer for 15 minutes to refreeze the surface. Prior to testing,
the transducers were prepared by using a piece of ice to remove the heat from the
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Figure 3.9: PVC Cast
transducer. The heat would otherwise rapidly melt the blend and hinder subsequent
measurements. After removing the blend from the freezer, the tape on the bottom
of the PVC cast was peeled o, but the blend remained frozen to the sides of the
cast. The blend was then placed between both transducers and the distance between
the ends of the transducers was measured again. The dierence between the new
height and the zeroing height would be the height of the sample. Figure 3.10 shows
an example of the nal setup.
Figure 3.10: Experiment Setup
After the height measurements were completed, ten UPV measurements were
conducted on the blend. After the nal arrival time was recorded, the height of the
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blend was measured once more. This procedure for the rst ice test series used 1000-
2000 micron particles with increasing concentrations of ice at increments of 10% of the
total mass. The second ice series used three of the same particle size distributions as
in R2 with top sizes of 2000 microns: k values of 0.1, 0.5, and 1.0. The distributions




Although signal attenuation is dierent through concrete than it is through lime-
stone or chalk, the minimum number of points necessary to form a sucient rela-
tionship between wave velocity and travel distance has to be established. To analyze
the data collected, a MATLAB script was developed that created lines of best t
between every possible combination of data points and estimated the error of the
intercepts when they were compared to the baseline velocity. The error between the
true velocity and the intercepts was compiled and the average and maximum error
with a certain number of points were determined. The maximum error was used for
comparison because the average error does not show the range of erroneous values
that can be measured.
3.4.2 Regolith and Roughness Analysis
To evaluate the signal attenuation through R1 and R2 regolith testing series, em-
pirical models and two-dimensional plots were developed from the experimental data.
The coecient of determination (R2) and the adjusted coecient of determination
(R2adj ) were used to validate the accuracy of each model. The signicance of each
parameter was determined by testing the hypothesis that each parameter did not
aect signal attenuation. The analysis of variance and f-statistic values were used to
determine the parameter's signicance. Parameters with a p-value greater than 0.05
were considered insignicant. The statistical models were created in the statistics
program JMP.
To analyze the data from the remainder of the regolith series and the data gath-
ered from the roughness testing, two-dimensional plots were constructed and used
the limestone core baseline velocity to observe the change in velocity with respect
to distance. In the analysis of fourth and fth regolith series as well as the second
roughness series, a procedure was used to determine if the dierences in trendlines
were signicant. In order to simplify computations, the trendlines were converted into
40
linear functions. The next step of the procedure tested the coecients of determina-
tion for both data sets. If the coecients of determination were above 0.90 then the
signicance between the data scatterings was determined by an F-test. If the p-value
calculated was greater than 0.05, it meant that both data sets had similar scattering.
For tests that measured p-values above 0.05, two more F-tests were conducted on the
dierences between the slopes and intercepts of the trendlines. If the p-values of the
F-tests were greater than 0.05, it meant that the intercepts or slopes of the trendlines
were statistically proven to be similar depending on the parameter being tested. If
the p-value was less than 0.05, it meant the slopes or intercepts were dierent. Details
of the calculations can be reviewed in Napier-Munn (2014).
For a summary test matrix with brief description of each series, see Table 3.5.




4.1 Length of Sample
4.1.1 Direct and Semi-Direct Testing
UPV testing on the three long concrete beams (1, 3, 6 m) showed a general reduc-
tion in wave velocity as a function of test length. Figure 4.1 shows the combination
of points generated by direct and semi-direct testing with gel and compared to tests
without gel. The red border represents the baseline velocity at 4,845 m/s, which was
derived from testing the concrete cores.
The rst major observation from this data is that UPV can successfully transmit
wave velocity up to six meters with and without coupling gel; however, the measure-
ments may not be able to accurately represent the actual mechanical properties of the
material. In Figure 4.1, P-wave velocity decreases as distance between transducers
increases for tests with and without coupling gel, though the wave velocity decreases
at a faster rate when coupling gel is not used. The second major observation is that
the data generally follows consistent trends, suggesting that a simple correction pro-
cedure can predict UPV values commensurate with the baseline. The addition of
coupling gel clearly improved the consistency of wave velocity measurements espe-
cially at lengths greater than 3.5 meters. Without gel couplant, the data collected
after 3.5 meters behaved erratically and did not follow a general trend.
While signal attenuation is an exponential relationship, these curves appear to
be on a linear portion of the curve, suggesting that simple regression lines can be
used to predict the baseline velocity. The regression lines were extrapolated to zero
length, and provided values that were less than one percent dierent from the baseline.
These corrected values indicate what the wave velocity would be without any signal
attenuation.
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Figure 4.1: Semi-Direct Testing of 6 meter Beam Compared to Direct Testing of 1 ,3
, and 6 meter Beam
4.1.2 Error Analysis
While the the data above shows that that simple linear regression of UPV vs.
length can predict baseline values, the accuracy of those predictions was primarily
based on the large number of points used in the analysis. The trendlines for each data
set included at least 20 points, and as a result, the trendlines smoothed the error in
each individual measurement. To further investigate the accuracy of the correction
protocol and determine the minimum number of points needed to produce a consistent
trendline, the data in Figure 4.1 was analyzed further. In this procedure numerous
trendlines were generated using all possible combinations of points. For example,
since the no-gel data set contains 23 points, 276 distinct trendlines can be generated
by using only two of the data points. Likewise 2,024 trendlines can be generated from
3 points, 10,626 from four points, etc. In total, this data set can produce 16,777,190
distinct trendlines.
After generating all trendlines, each was extrapolated to zero length to determine
the corrected measurement and these values were then compared to the baseline value
of 4,845 m/s. The max error in the corrected value is plotted against the number of
points used to create the trendline in Figure 4.2 while Figure 4.3 plots all corrected
values collected into boxplots.
Figures 4.2 and 4.3 show that 4 points are sucient for gel testing since the
reductions in maximum error are less signicant with only a 13.6% maximum error
but to reduce the amount of maximum error below 5%, 10 points are needed. The
gures also show that the change in maximum error without the use of gel couplant
slows after 6 points but the maximum error is 27.8% and 16 points are required to
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Figure 4.2: Maximum Error of Corrected Values from Baseline Velocity With Gel
Couplant (L) and Without Couplant (R)
Figure 4.3: Box-Plot of All Corrected Values With Gel Couplant (L) and Without
Gel Couplant(R)
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reduce the error below 5%. The number of points would also uctuate depending on
the amount of void spaces within the sample as well; however, the data shows that
even without the use of a couplant, a trendline can be formed with a small amount
of error between the target truth value and the corrected value from the trendline.
Although these same lines will not be seen when testing a dierent material, the
methodology will remain the same.
4.2 Regolith Testing
4.2.1 Statistical Analysis of R1
In total, ve regolith test series were performed to determine the inuence of
regolith cover on UPV response. In addition, these test series determine the regolith
characteristics that most inuenced signal attenuation and methods to correct these
measurements. The goal of the rst regolith series was to test the signicance between
the four testing parameters: particle top, particle size distribution, compaction, and
depth. Out of the 27 tests conducted, 6 tests did not produce a distinguishable
signal namely 1, 7, 12, 14, 22, and 24. All of the tests that did not produce a
measurement had top sizes larger than 500 microns indicating that at certain top
size, signal acquisition may not be possible regardless of the other parameters. Simple
linear regression models for both responses were made with each parameter to identify
relationships between the parameters and the responses. The base ten logarithm had
to be taken for amplitude responses since the range of values diered by orders of
magnitude. The results of the regolith test series are shown in Table 4.1
Based on the results shown in Table 4.1, depth of regolith has a signicant eect
on the velocity, while other parameters are not as inuential to wave velocity. The
maximum velocity produced was 2270 m/s at the smallest depth of 1 cm. For increas-
ing depths of regolith, relative velocity decreases by up to 70% between the greatest
velocity at 1 cm depth and the slowest velocity at 3 cm.
Additionally, particle size distribution seems to aect the amplitude of a signal
more than any other parameter. Tests that had the widest size distribution modulus
(0.1) produced the greatest amplitudes. As the size distribution narrows, the relative
log10(amplitude) decreases by up to 44% between the greatest log10(amplitude) with
a k value of 0.1 and the slowest log10(amplitude) with a k value at 1.0.
The results show that blends with the shallowest depths and widest distributions
produce the greatest velocities and amplitudes; however, the gures indicate that
smaller top size and greater compaction ratios inuence wave velocity and amplitude
to some degree.
To evaluate the statistical signicance of combining the parameters for both the
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1 2000 0.5 Max 2 NO SIGNAL
2 500 0.5 Max 2 1468 3.55
3 1000 0.5 Max 1 2272 3.29
4 500 0.1 Some 2 1310 4.21
5 1000 0.5 None 1 1835 3.03
6 1000 0.1 None 2 1003 3.28
7 2000 0.5 Some 3 NO SIGNAL
8 500 0.5 Some 1 1903 3.79
9 2000 0.1 Some 2 1333 3.89
10 500 0.5 Some 3 783 3.14
11 1000 0.1 Some 3 1039 4.04
12 1000 1 Some 3 NO SIGNAL
13 1000 0.5 None 3 682 2.77
14 1000 1 Max 2 NO SIGNAL
15 1000 0.5 Some 2 975 3.16
16 1000 0.1 Some 1 2207 4.81
17 1000 1 None 2 801 2.69
18 500 0.5 None 2 1017 3.34
19 1000 0.5 Max 3 831 3.00
20 1000 0.5 Some 2 991 2.98
21 1000 0.1 Max 2 1463 4.69
22 2000 0.5 None 2 NO SIGNAL
23 1000 1 Some 1 2064 2.91
24 2000 0.5 Some 1 NO SIGNAL
25 500 1 Some 2 1081 3.05
26 2000 1 Some 2 1101 2.82
27 1000 0.5 Some 2 941 3.10
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Figure 4.4: First Regolith Series Velocity Prediction Model








Squares Square (Prob > F)
Top Size (um) 1.34E+03 1 1.34E+03 0.03 0.8622 No
Size Distribution 1.39E+05 1 1.39E+05 3.24 0.0909 No
Compaction Ratio 3.69E+05 1 3.69E+05 8.6 0.0098 Yes
Depth (mm) 3.68E+06 1 3.68E+06 85.79 < 0.0001 Yes
Model 4.14E+06 4 1.04E+06 24.124 < 0.0001 Yes
R-Squared 0.86 Adj. R-Squared 0.82
RMSE 207.14
velocity and amplitude models, multiple linear regression was used to determine the
most inuential parameters in the nal prediction of velocity and amplitude. Figure
4.4 and Figure 4.5 are plots of actual versus predicted values for velocity and ampli-
tude that were derived from the multiple linear regression analysis and Tables 4.2 and
4.3 contain the F-test parameters that test the signicance of the models. The null
hypothesis for each F-test is that each model term is insignicant in the prediction. A
signicance level of 0.05 was used as the criteria for rejecting the null hypothesis, and
as such a Prob>F value less than 0.05 indicates that the model term is signicant.
For the velocity analysis in Figure 4.4 and Table 4.2, a relatively strong prediction
is obtained using depth, compaction ratio, and particle size distribution as variables.
Regolith depth has the strongest inuence on P-wave velocity while compaction ratio
is the next most inuential parameter.
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Figure 4.5: First Regolith Series Amplitude Prediction Model








Squares Square (Prob > F)
Top Size (um) 0.04 1 0.04 0.311 0.5847 No
Size Distribution 4.11 1 4.11 30.56 < 0.0001 Yes
Compaction Ratio 0.47 1 0.47 3.5 0.08 No
Depth (mm) 0.56 1 0.56 4.16 0.582 No
Model 5.31 4 1.33 9.87 0.0003 Yes
R-Squared 0.71 Adj. R-Squared 0.64
RMSE 0.37
The amplitude analysis in Figure 4.5 and Table 4.3 indicates a weaker correlation
than for the velocity analysis, but it still indicates a relationship between amplitude
and certain testing parameters. Of these parameters, size distribution is the most
signicant.
Size distribution aects both the velocity and amplitude of a signal. Greater
velocities and amplitudes have wider particle distributions. Blends with a narrow
particle size distribution result in an increase of void spaces between particles, since
smaller particles are not available to occupy the void spaces. For blends with a wide
size distribution, the variety in particle sizes allow for void spaces to be lled more
readily, which produces more particles interfaces for waves to propagate along.
Compaction ratio aects both velocity and amplitude because it determines parti-
cle density by reducing void spaces between particles. Increased compaction reduces
the amount of voids, and benets wave velocity. Regardless of size distribution, in-
creased compaction of regolith blends with either narrow or wide size distributions
increases wave velocity and amplitude. A greater increase in responses; however,
results from greater compaction of blends with a wider size distribution since fewer
void spaces are present than in a narrowly sized blend.
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Regolith depth species the total amount of particles and voids a wave has to pass
through. As the depth increases, the amount of particles and void spaces increase as
well. This means that the energy of the wave decreases as it propagates between the
increasing number of particles and voids. The loss of energy results in both a loss in
signal amplitude and slower velocity although it has greater statistical signicance to
wave velocity.
Top size is not statistically signicant in either analysis; however, the lack of
signicance in the analyses does not indicate its inuence on signal transmission
since 6 tests with large top sizes were discarded from the analysis. It is reasonable
to believe that at a certain top size, a signal cannot be obtained but once a signal is
received, the top size quickly loses its signicance. The other parameters that specify
the amount of the maximum particle size such as depth and particle size distribution
likely inuence the signal's reception as well. This maximum top size is likely between
1 -2 mm but it may change depending on the other variables.
The most notable observation from this test series is that not a single test pro-
duced a velocity comparable to the baseline. The closest velocity was still 60 %
slower than the baseline. Regolith can still be used as a couplant, but perhaps with
shallower depths and particle sizes should be used to determine limiting values for
these parameters that will produce distinguishable transmissions and velocities that
are more representative of the material being tested.
4.2.2 Procedure Revisions and R2 Statistical Analysis
Due to the results in the previous series, the procedure for second regolith series
was be revised to identify the particle top size limit and change in velocity according
to regolith depth. The new procedure removed compaction ratio as a variable instead
maximum compaction was used in order to maximize the energy eciency of the wave.
A specied mass of regolith took the place of a specic depth. The new regolith
masses also corresponded to shallower depths than what was tested before. The
additional benets of this new procedure decreased testing time and limited sources
of human error since depth only had to be measured once. Instead of a Box-Behnken
experimental design, a full factorial design was used. Using these values described in
Section 3.3.4, two multiple regression models were developed and F-tests evaluated
the signicance of the models. The same null hypotheses from the previous analyses
were used and a signifcance level of 0.05 was implemented. Table 4.4 shows the raw
data from the second regolith series with Figures 4.6 and 4.7 showing the multiple
linear regression models of wave velocity and amplitude respectively. Tables 4.5 and
4.6 contain the F-test parameters for wave velocity and amplitude respectively.
49













1 500 0.1 15 3 3704 10.96
2 500 0.1 30 8 2764 11.05
3 500 0.1 45 13 2078 10.60
4 500 0.5 15 2 4015 10.90
5 500 0.5 30 6 2615 9.80
6 500 0.5 45 11 1962 9.20
7 500 1 15 2 3888 9.81
8 500 1 30 7 2649 8.81
9 500 1 45 11 1801 6.77
10 1000 0.1 15 2 3968 10.21
11 1000 0.1 30 6 2717 10.20
12 1000 0.1 45 11 2017 9.52
13 1000 0.5 15 3 3932 9.88
14 1000 0.5 30 6 2668 7.59
15 1000 0.5 45 11 1911 6.78
16 1000 1 15 4 4365 10.23
17 1000 1 30 7 2653 8.16
18 1000 1 45 10 2021 6.55
19 2000 0.1 15 4.1 3994 11.09
20 2000 0.1 30 7.61 2902 11.06
21 2000 0.1 45 11.87 2144 9.30
22 2000 0.5 15 4.78 4398 9.41
23 2000 0.5 30 8.06 3293 8.80
24 2000 0.5 45 12.49 2162 7.31
25 2000 1 15 3.85 4154 9.75
26 2000 1 30 8.68 2904 7.40
27 2000 1 45 11.86 2213 6.83
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Figure 4.6: Second Regolith Series Velocity Prediction Model








Squares Square (Prob > F)
Top Size (um) 1.34E+03 1 1.34E+03 11.6736 0.0024 Yes
Size Distribution 4.24E+05 1 4.24E+05 0.1578 0.6949 No
Mass (g) 5.74E+03 1 5.74E+03 501.2 < 0.0001 Yes
Model 1.86E+07 3 6.22E+06 171.01 < 0.0001 Yes
R-Squared 0.96 Adj. R-Squared 0.95
RMSE 190.66
Figure 4.7: Second Regolith Series Amplitude Prediction Model








Squares Square (Prob > F)
Top Size (um) 0.34 1 0.34 2.74 0.1112 No
Size Distribution 3.9 1 3.9 31.79 < 0.0001 Yes
Mass (g) 3.94 1 3.94 32.05 < 0.0001 Yes
Model 8.18 3 2.73 22.2 < 0.0001 Yes
R-Squared 0.74 Adj. R-Squared 0.71
RMSE 0.35
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Figure 4.8: Regolith Depth vs. Longitudinal Wave Velocity Sorted by Particle Top
Size (L) and Size Distribution (R)
Table 4.5 shows that the particle top size greatly increases in signicance to wave
velocity from the previous statistical analysis. Top size also increased in signicance
to wave amplitude when compared to the amplitude statistical analysis in the previous
section. Size distribution is not a signicant inuence on wave velocity; however, it is
inuential on wave amplitude as shown in Table 4.6. The coecients of determination
of both models increased from the previous analyses indicating stronger relationships
between the response variables and the testing parameters. The results from the
statistical models are corroborated by comparing regolith depth to the respective
response variable when the data is grouped by top size or size distribution. Figures
4.8 shows the relationship between regoltih depth and wave velocity when sorted by
particle top size and size distribution. The data was t with exponential curves to
corroborate with the fundamental notion that signal attenuation is an exponential
phenomenon.
From Figure 4.8, as particle top size increases and as size distribution narrows,
wave velocities increase. Interestingly, these data seem to indicate that extrapolation
to zero depth prodcues a value similar to the baseline. Altogether, the inuence of
particle size is now noticeable when smaller amounts of regolith impede the path of
the wave. The data from the test series suggests that a correction procedure utilizing
regolith depth and particle size can be used to calculate corrected velocities. The
next three regolith testing series attempt to validate and develop the procedure.
4.2.3 Isolating the Inuence of Particle Size
To isolate the inuence of top size with increasing regolith depth, the third regolith
series utilized the individual size fractions from blends previously used, and meant
particle size distribution was discarded as a parameter. Figure 4.9 shows the results
of the tests on each particle size class with an exponential relationship between depth
and wave velocity displayed. Figure 4.10 plots the corrected value for each top size
in a bar graph.
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Figure 4.9: Regolith Depth vs. Longitudinal Wave Velocity Across All Size Classes
Figure 4.10: Corrected Wave Velocity for Each Size Classes
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These plots of measured wave velocity versus depth show a nearly exponential
trend for all top sizes. By back extrapolating this trendline to a depth of zero, the
value is able to approximate the baseline velocity. Figure 4.10 shows that as top size
increases the wave velocty also increases (with the exception at 75 microns); however,
the data does not provide sucient resolution. Although three points is the minimum
required to create a regression line, more points are required to reduce the the amount
of error.
Enhancing Data Resolution
To provide additional resolution to the relationship between regolith depth and
wave velocity, two additional test series were conducted using a broader range of
regolith depth at a ner increment. The results of the fourth test series are shown
in Figure 4.11 and shown as linear function with their natural log of wave velocity
in Figure 4.12. In this test, an increasing amount of regolith was layered on top of
a single limestone core at increments of 5 grams with 10 UPV measurements taken
after each increment was added. Three dierent top sizes (2000, 500, and 45 microns)
were tested, and once again wave velocity was recorded as a function of depth.
Data from the graphs clearly show an exponential decay in measured wave ve-
locity with increasing regolith depth. Additionally, extrapolation of these curves to
zero regolith depth provide good estimates of the baseline P-wave velocity with the
largest size class of 2,000 microns producing the best estimate of wave velocity. From
the gures, a larger particle size has a lesser eect on wave velocity; however, each
line shares nearly the same slope indicating that the signal attenuation is the same
between all size classes. In order to compare the trendlines, the three sets of data
were tested using a combination of F-tests to determine if their intercepts, slopes,
and data scattering were statistically similar using the procedure from Napier-Munn
(2014). The null hypothesis for each F-test is that each model term is insignicant in
the prediction. A signicance level of 0.05 was used as the criteria for rejecting the
null hypothesis, and as such a Prob>F value less than 0.05 indicates that the model
term is signicant. The results are displayed in Table 4.7.
From Table 4.7, the comparison between trendlines shows that slopes and data
scattering are similar to each other. The comparisons demonstrate that material
properties of the regolith will inuence wave velocity; although, none of the lines
produced statistically signicant comparisons between intercepts. The statistical dif-
ference indicates that the estimations for baseline velocity are dependent on the top
size of the regolith.
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Figure 4.11: Regolith Depth vs. Longitudinal Wave Velocity Across Three Size
Classes
Figure 4.12: Linearized Regolith Depth vs. Longitudinal Wave Velocity Across Three
Size Classes










2000 μm vs 500 μm 0.4091 No 0.9467 No 0.000 Yes
2000 μm vs 45 μm 0.4706 No 0.6782 No 0.000 Yes
500 μm vs 45 μm 0.4394 No 0.7411 No 0.000 Yes
*Note: Critical value of 0.05 used to determine signicance
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Evaluating Dierence in Regolith Material
All previous test series were conducting using limestone core material and lime-
stone regolith material that was produced from the same original sample lot. To
identify any disparities due to dissimilar material types, additional testing was con-
ducted using regolith produced from an Austin chalk sample. The test procedure
was identical to those of the limestone regolith testing with the only dierence being
regolith material. The data from this test is shown in Figure 4.13 with the natural
log of the results shown in Figure 4.14. Table 4.8 shows the results from comparing
the two trendlines using the same F-test from the previous results.
Although the intercepts of lines provide good estimates of the baseline velocity, the
slopes are statistically dierent from one another, which weakens the capability of the
regression lines to predict the baseline velocity. The dierence in slopes conrms that
a dierent regolith material from the body underneath will aect signal attenuation
dierently as opposed to regolith of the same material type. The ultrasonic waves
will travel at dierent velocities when moving through each material and attenuate
at dierent rates as opposed to traveling through the same material that comprises
the regolith and rock mass underneath.
Figure 4.13: Regolith Depth vs. Longitudinal Wave Velocity for Dissimilar Regolith
and Core Material.
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Figure 4.14: R5 Linearized Curves




Table 4.8: R5 Comparison Between Trendlines
4.3 Surface Roughness
4.3.1 Isolating the Parameter
The purpose of the rst surface roughness series was to isolate the eect of surface
roughness on wave velocity. Eight limestone samples were prepared with one rough
surface parallel to a smooth end. After testing, the rough ends were removed and
smoothed out and tested again. Gel couplant was also added. Figure 4.15 shows the
results in box-plot form.
When the rough ends of the samples were removed and no gel couplant was added,
the average wave velocity increased by about 700 m/s from 4554 m/s to 5253 m/s or
a 15 % increase ; however, when gel couplant was added, an average increase of 200
m/s from 5540 m/s to 5743 m/s occurred, which is about a 3.6% increase. Between
rough samples, the addition of couplant increased wave velocity by nearly 22 %, but
between smooth samples, the addition of couplant increased wave velocity by 9.3 %.
The eect of surface roughness on signal attenuation is dependent on the amount of
void space in between the surface of the sample and the transducer. The addition of
coupling gel can ll in the void spaces and improve wave velocity. Without it, the
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Figure 4.15: Comparison Between Smooth and Rough Samples With and Without
Gel Couplant
signal attenuation is lost through the air and decreases the wave velocity to point
where it is not indicative of the mechanical properties of the testing sample.
4.3.2 Addition of Surface Regolith and Comparison to R4
The second roughness test series attempted to establish whether or not the ad-
dition of regolith on the surface of a rough sample will produce similar results to a
smooth sample with a regolith cover. The results indicate if surface regolith can act
as a couplant since the regolith has a similar acoustic impedance to the core body.
Since the 1000-2000 micron size class proved to be the best out of the three tested size
classes in the fourth regolith series, it was used as the surface regolith. The results
of the test were compared to the those gathered in R4 on a dierent but smooth
limestone core. The exponential curves made from the data can be seen in Figures
4.16.
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Figure 4.16: Regolith Depth vs. Longitudinal Wave Velocity for Smooth and Rough
Samples
Figure 4.16 shows that the data stops at about 16.5 mm instead 25 mm, possibly
due to waves refracting when they make contact with the rough surface of the sample;
however, the strong coecients of determination and similar slopes indicate that
regolith acts as a couplant to the surface of the rough sample. The regolith laying on
top of the rough sample eectively makes a smooth surface because the particles ll
in some of the void space between the sample and the transudcer, which produces a
similar wave velocity trendline to a smooth core sample. Since two dierent limestone
samples were used, comparisons between the corrected values were incompatible.
Thus, a two-tailed t-test calculated if the corrected value from the rough limestone
test was signicantly dierent from the average velocity of the rough samples with
gel couplant tests in the previous roughness series. Using a p-value of 0.05, the t-test
concluded that the corrected value was not signicantly dierent from the results
gathered in the previous roughness series and indicates that the corrected value is an
accurate estimation of the baseline velocity.
4.4 Ice Testing
4.4.1 Variance in Ice Concentration
A nal test series was conducted to determine if the UPV sensor can be used
to detect changes ice content in icy regolith mixtures while varying regolith particle
sizes and distributions. Icy regolith core samples were manufactured by mixing water
and regolith to create a blend with a mass of 100 grams. Samples were then frozen
overnight in a standard freezer, and UPV testing was conducted immediately after
removal from the freezer. The particle size distribution of the regolith was constrained
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as an experimental parameter and no gel couplant was used since the liquid on top
of the sample acts as a couplant. Figure 4.17 shows the results of the rst test series.
Figure 4.17: Regolith UPV Testing with a Monosized Regolith Mixed with Ice
As ice concentration steadily increases, the wave velocity increases as well until it
hits the velocity baseline of ice at around 3800 m/s. Although the velocity decreases
between 40 and 60% ice concentration, the wave velocity quickly increases to the
baseline value of ice, which corroborates with conclusions from literature that state
that wave velocity will increase with ice concentration. This test used only one particle
size class whereas realistically, the regolith will be made of multiple size classes.
4.4.2 Distribution of Regolith Sizes and Ice
Three dierent distributions of regolith were mixed with ice at dierent concen-
trations to observe whether the same trend found previous the section would present
itself if the distribution of particle sizes changed. The results from the nine samples
can be seen in Figure 4.18
Figure 4.18: Regolith Distribution and Ice Testing
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As the distribution of particles increases, meaning a greater number of coarser
particle sizes, three dierent trends appear. With 10% ice by mass, as the number of
coarse particle sizes increase, wave velocity begins to increase and corroborates with
ndings from Section 4.2.3 that large particle sizes impact signal attenuation less
than smaller particles. This is contested by the data from the 50% ice concentration
dataset that has a slightly decreasing trendline. This trendline corroborates with data
from the previous section that shows a slight decrease in wave velocity at 50% ice
concentration. The decrease in wave velocity may be due to the even concentrations of
ice and regolith, and yields a mixture that possesses the qualities of neither material.
The 90% concentration trendline is consistent across all distributions at around the ice
baseline velocity of 3800 m/s since the mixture is almost a solid piece of ice. Together
with the data from the previous section, the wave velocity is not just dependent on
the distribution of particles, but mostly based on the mass of particles present.
4.5 Discussion and Implications
When analyzing the results of these tests, the data provides compelling evidence
that a true value for P-wave (longitudinal) velocity of a certain material can be
estimated when performing in-situ UPV tests. Several UPVmeasurements at dierent
lengths have to be taken in order to construct the signal attenuation curve as a wave
passes through the body. The signal attenuation curve is based on the measured
wave velocities, which can estimate the true value of the P-wave velocity when the
trendline is extrapolated to zero. Surface roughness can be mitigated by the addition
of a gel couplant, but if it is not available then an in-situ replacement has to be found.
Regolith covering the surface of a rock mass can aect the signal attenuation of
an ultrasonic wave even in shallow depths of a couple of centimeters. Not only does
regolith depth aect the attenuation of the ultrasonic wave, but the particle sizes and
distribution of the particle sizes will aect it as well; however, a precise amount and
certain size distribution of regolith can provide a smooth surface on a rough sample
for testing, while limiting the amount of signal attenuation. Coarse particle sizes and
narrower distributions as well as a shallow regolith depth will limit the amount of
signal attenuation. Finally, the reoglith has to be compacted to its maximum to limit
the amount of void spaces. The following sections specify the inuence and abatement
strategy for each condition.
For a spacecraft testing in-situ, the UPV responses produced on dierent bodies
will likely have site-specic correlations, similar to what is observed on Earth. The
regolith particle sizes and their distributions as well as their chemical composition
will also vary site to site. The regolith on one asteroid or on one site of the Moon will
be dierent from most other sites, which means initial measurements may not be as
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precise as intended. Although, once a database of characterized rocks develops, the
precision and accuracy of this method will improve as there will be existing data to
serve as comparisons.
For ice characterization, UPV can detect variations in ice concentrations mixed
with regolith particles; however, the non-linearity of the relationship means that
wave velocity value can have two meanings on a curve. It does not mean that UPV
is cannot be used to a characterize ice, it may be a secondary option if none are
available. Additionally, dierent materials mixed with ice can have dierent responses
as opposed to ones seen in this body of research.
4.5.1 Sample Length
Inuence Transmission length was shown to be a signicant inuence on measured
UPV. As the distance between the transducers increased, measured wave velocities
decreased. At lengths approaching 6 meters, measured UPV was be reduced by up to
10% of the measured value for the cases using gel couplant and 23% for cases without
gel couplant.
Abatement/Mitigation Take at least 4 measurements at dierent transmission
lengths up to the point where the signal is no longer observable. Fit the data set with
an exponential trendline. The coecient of the exponential term (i.e. exponential
intercept) is the estimate of true baseline UPV. Larger spacing between the measure-
ments and more measurements produce more accurate predication, but even at 0.25
m spacing, the average error between the estimate and the measured value can be
less than 0.2%.
4.5.2 Regolith Cover
Inuence Regolith cover was shown to inuence both signal amplitude and mea-
sured velocity with an increasing amount of cover leading to decreases in both re-
sponses. The size of the regolith particles also inuenced signal amplitude and ve-
locity with ner particles leading to a greater decrease in wave velocity than larger
particle sizes but larger particle sizes have a greater impact on signal amplitude. At
depths exceeding 2.5 cm, no signal was observed, and at depths of about 1.2 cm,
measured values were reduced by 53 - 63% compared to the baseline value.
Abatement/Mitigation Take at least three measurements at varying regolith
depths up until a signal cannot be received. During each measurement, compact
regolith as much as possible, and try to obtain values with a minimal regolith cover.
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Use a linear trendline to extrapolate to zero depth. If possible, note the particle size,
and recall that sizes < 1 mm will induce some error. If performed properly, this
procedure can reduce the error between the baseline and predicted value to less than
8%. If gel couplant is available, the regoltih cover can removed and gel couplant can
ll in the voids between the transducers and specimen.
4.5.3 Sample Roughness
Inuence Sample roughness was shown to signicantly aect measured wave ve-
locity. A rough surface limits the amount of contact area between the transducer and
the surface of the sample. Without the use of a gel couplant, the average wave ve-
locity was 20.7% slower than velocities from samples prepared for laboratory testing
(smooth surfaces and addition of coupling gel).
Abatement/Mitigation As long as the transducers are parallel to each other, the
addition of a coupling gel will mitigate the eects of surface roughness. The coupling
gel reduces the dierence between measured wave velocities of the rough samples and
ideal lab samples to within 200 m/s (3.5 %) on average. A regolith couplant can also
be used to provide a smooth surface for testing and provide a corrected velocity using
the abatement strategy in Section 4.5.2
4.5.4 Gel Couplant
Abatement/Mitigation
Use couplant if at all possible, but if not, then a small amount of surface regolith
(less than 2.5 cm) will provide a smooth surface for testing. If possible, the regolith
needs to contain coarser particle sizes greater than 1 mm since wave velocities will
decrease at a greater rate with ner particle sizes. Then follow the abatement strategy





This work describes the development of a method for in-situ characterization of
extraterrestrial rock masses using ultrasonic waves. While ultrasonic waves have been
used as a conventional method for rock characterization for terrestrial uses, the stan-
dard laboratory settings do not take into account in-situ physical and environmental
conditions. From the literature review and standard testing protocols, there are four
conditions identied that require investigation: the length of the sample, the rough-
ness of its surface, and the regolith that may be covering it. Due to the uncertainty
of the eects of environmental conditions faced in space on commercially available
coupling gel, the absence of a coupling gel normally used for ecient energy transfer
between transducers and the rock sample has to be assessed as well. A secondary ob-
jective of characterizing ice mixed with a regolith sample was also investigated since
water is critical for ISRU eorts. The conclusions relevant to original objectives are:
 Sample length, roughness, regolith cover, and the absence of gel couplant were
identied and assessed as in-situ physical sample properties that aected UPV
signal attenuation.
 Procedures for mitigating the eects of the properties were developed.
 The ability of UPV to characterize changes in ice content was partially assessed.
To assess the inuence of sample length, three concrete beams were constructed in
addition to multiple concrete cores. The cores provided a baseline P-wave velocity for
the concrete while measurements were taken with direct and semi-direct transmissions
along the length of the six meter long beam with and without gel couplant. The
results showed that the velocity at zero length from the regression lines can estimate
the baseline velocity accurately with or without couplant, and commercially available
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transducers can reach the target length albeit with decreased accuracy especially
without couplant. Further error analysis showed the maximum possible error was
much larger when not using couplant and will require more data points to precisely
estimate a wave velocity.
The regolith testing evaluated the inuence of dierent parameter that comprise
a regolith sample on signal attenuation. A Box-Behnken experimental design for four
parameters was conducted: particle top size, particle size distribution, depth, and
compaction. The results from the rst series show that the depth of the regolith
cover is the most dominant inuence on signal attenuation through a sample while
compaction, top size, and distribution had various eects on wave amplitude and
velocity. The full factorial experimental design for the second series eliminated com-
paction as a variable by compacting samples to their maximum and a mass of regolith
was used instead of a precise depth measurement. The results from the second series
emphasize the importance of particle size, and display an exponential relationship
between increasing particle depth and decreasing wave velocity; however, the impor-
tance of a changing particle size could not be isolated. The third and fourth series
identied the eect of particle size by using individual size classes. The results show
that larger particle sizes had less of an eect on signal attenuation than smaller classes
meaning a more precise wave velocity estimation to a baseline value. The fth series
used a single size fraction of chalk particles and placed increasing amounts on top of
the same limestone core used in previous testing to evaluate the eect of an dierent
regolith material on signal attenuation. The trendline produced had a statistically
dierent slope and intercept from the trendline produced with limestone regolith in
the fourth series. The results show that a dierence in regolith material from the rock
mass beneath will provide inaccurate results.
The surface roughness testing attempted to isolate the eect of the surface texture
on the sample and provide a method to mitigate it. Eight limestone samples with
a single rough surface were tested with and without gel couplant. Once the testing
was over, the rough surfaces were removed, and the samples were tested again with
and without gel couplant. Without the addition of a gel couplant, the rough surfaces
signicantly aect wave velocity whereas couplant addition increases wave velocity
to similar values attained with smooth surfaces and a gel couplant. Gel couplant
can eliminate the eects of surface roughness as long as the transducers are aligned
correctly; however, a substitute has to be found if gel couplant is not available. The
second roughness series used one of the size classes of limestone regolith from the
fourth regolith series as well as the same procedure to determine if similar attenuation
curves can be produced. The attenuation curve produced is similar in terms of slope
and scattering with the one created in the fourth regolith series. These similarities
mean that the regolith particles ll in the void spaces between the transducer and
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sample to produce a at testing surface, which distributes ultrasonic waves uniformly
across the surface. A t-test concluded that the corrected value was not signicantly
dierent from the results gathered in the rst roughness series and indicates that the
corrected value is an accurate estimation of the baseline velocity.
To determine an estimation of the true P-wave velocity of an extraterrestrial rock
mass, multiple UPV measurements have to be taken across the length of the sample
to generate the signal attenuation curve. The empirically derived regression equation
can extrapolated to zero depth, which will provide an estimation for the baseline
velocity. The addition of surface regolith and roughness complicates the procedure.
Both properties increase signal attenuation but can be mitigated by the removal of the
regolith and the addition of coupling gel to the surface. The complications increase
if coupling gel is not provided on the mission. The regolith can act as couplant and
in small amounts, it can create a smooth surface on top of a rough sample and limit
the amount of signal attenuation in order to estimate the true P-wave velocity. Gel
couplant is strongly recommended to be a part of the UPV system, so the regolith
cover can be simply removed.
To accomplish the secondary objective, dierent mixtures of ice and limestone
particles were created to evaluate the ability of UPV to detect changes in ice content.
The results show that UPV can detect variances in ice concentrations mixed with
regolith particles; however, the non-linearity of the relationship means that measured
wave velocity can have two meanings on a curve. It does not mean that UPV is
cannot be used to characterize ice mixtures, but more research is needed to provide
a nal analysis.
5.2 Recommendations/Future Work
While this research has demonstrated a method for in-situ UPV testing, further
work is required to determine additional uses for UPV as a tool for extraterrestrial
exploration. The author of this thesis recommends the following areas for additional
research may be continued:
1. Further work with UPV as means for extraterrestrial rock characterization is re-
quired by incorporating all three physical parameters into small and large scale
samples. This body of research conduct tests evaluating three separate physical
parameters, but the next step is to combine these parameters to validate the
procedure suggested. Not only should variations in sample size, texture, and re-
golith coverings be present but also dierent sample shapes and sample internal
structure. A rock is irregularly shaped and rarely provides parallel surfaces to
work with and the internal structure of a sample can vary signicantly between
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specimens, so the procedure suggested must be able to adapt in order to provide
accurate velocity estimations. The new test series can also integrate robotics
into the experimental design to develop additional procedures for remote and
autonomous rock characterization.
2. The results from the ice characterization tests are incomplete and a more de-
tailed investigation is warranted. This objective can be achieved by experi-
menting with dierent regolith materials that are characteristic of a regolith
found on an extraterrestrial body. The mineralogy of the regolith, its particle
particle sizes and distributions as well as the amount of pore space should vary
in order to simulate more realistic conditions as those faced on the surface an
extraterrestrial body.
3. Development of a method that incorporates the results from this thesis, Savage
(2016) and Goodman (2016). The method will provide comprehensive strategies
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